Abstract Hemangioblastomas frequently develop in patients with von Hippel-Lindau (VHL) disease, an autosomal dominant genetic disorder. The tumors are characterized by a dense network of blood capillaries, often in association with cysts. Although activation of receptor tyrosine kinase (RTK) signaling, including epidermal growth factor receptor (EGFR) has been implicated in the development of malignant brain tumors such as high-grade gliomas, little is known about the role of RTK signaling in hemangioblastomas. To address this issue, we examined hemangioblastoma tumor specimens using receptor tyrosine kinase (RTK) activation profiling and immunohistochemistry. Six human hemangioblastomas were analyzed with a phospho-RTK antibody array, revealing EGFR phosphorylation in all tumors. EGFR expression was confirmed by immunohistochemistry in all tumors analyzed and downstream effector pathway activation was demonstrated by positive staining for phospho-AKT. Our findings suggest that, in primary hemangioblastomas, RTK upregulation and signaling predominantly involves EGFR, providing an attractive molecular target for therapeutic intervention.
Abstract Hemangioblastomas frequently develop in patients with von Hippel-Lindau (VHL) disease, an autosomal dominant genetic disorder. The tumors are characterized by a dense network of blood capillaries, often in association with cysts. Although activation of receptor tyrosine kinase (RTK) signaling, including epidermal growth factor receptor (EGFR) has been implicated in the development of malignant brain tumors such as high-grade gliomas, little is known about the role of RTK signaling in hemangioblastomas. To address this issue, we examined hemangioblastoma tumor specimens using receptor tyrosine kinase (RTK) activation profiling and immunohistochemistry. Six human hemangioblastomas were analyzed with a phospho-RTK antibody array, revealing EGFR phosphorylation in all tumors. EGFR expression was confirmed by immunohistochemistry in all tumors analyzed and downstream effector pathway activation was demonstrated by positive staining for phospho-AKT. Our findings suggest that, in primary hemangioblastomas, RTK upregulation and signaling predominantly involves EGFR, providing an attractive molecular target for therapeutic intervention.
Keywords Hemangioblastoma Á EGFR Á Receptor tyrosine kinases Á Overexpression
Background
Hemangioblastomas are rare central nervous system (CNS) tumors that typically develop within the cerebellum and the spinal cord [1] . They are highly vascularized tumors characterized by abundant endothelial cell proliferation and cyst formation [2] . The tumors are mainly composed of hemangioblasts, i.e. endothelial cells [1] . Other cell types that are found within the tumors include mast cells, pericytes and stromal cells, which are believed to be the primary neoplastic cells [3, 4] .
Patients with von Hippel-Lindau (VHL) syndrome, an autosomal-dominant disorder, are predisposed to developing hemangioblastomas. The underlying genetic defect is caused by mutations in the VHL gene on the short arm of chromosome 3, which acts as a tumor suppressor [5] , predisposing to the development of a wide variety of benign and malignant tumors involving the kidneys, adrenal glands, CNS and the retina [6] . The VHL protein interacts with ElonginC, ElonginB and CUL2 in a complex referred to as VCB-CUL2. VCB-CUL2 targets other large proteins for degradation including the hypoxia-inducible factors (HIFs), resulting in overexpression of genes involved in the metabolic adaptation to oxygen deprivation [7] . Recent data indicates that loss of VHL prolongs receptor tyrosine kinase (RTK) turnover by delaying endocytosis-mediated receptor deactivation and thereby enhancing downstream signaling [8] .
EGFR is the first of a family of four closely related membrane RTKs (ErbB1, ErbB2 or HER2/neu, ErbB3, and ErbB4) that employ tyrosine kinase activity as the signal transduction initiator. Overexpression of EGFR has been documented across all stages of tumorigenesis, including pre-cancerous lesions, early cancers, as well as advanced cancers [9] and activation of the EGFR signaling pathway has been linked to tumor cell proliferation, survival, angiogenesis, and metastasis [10] . Increased expression of EGFR and transforming growth factor alpha (TGF-a) has been documented in a variety of human cancers such as early stage non-small-cell lung cancers [11] , epithelial cancers [12] , as well as low-grade and high-grade gliomas [13] .
EGFR is a 170 kDa transmembrane glycoprotein composed of an amino-terminal extracellular ligand-binding domain, a hydrophobic transmembrane helix, and a cytoplasmic domain, which contains the tyrosine kinase domain and a carboxy-terminal region containing critical tyrosine residues and receptor regulatory motifs [14] . Binding of ligands to the extracellular domain results in receptor oligomerization, activation of the receptor's tyrosine kinase activity and receptor autophosphorylation in several C-terminal tyrosine residues. These phosphorylated tyrosines serve as binding sites for a number of cytoplasmic signal-transducing molecules. Activation of these pathways downstream of EGFR leads to cell proliferation, differentiation, migration/motility, adhesion, protection from apoptosis, enhanced survival, and gene transcription [9] .
To investigate the role of RTK signaling in hemangioblastomas, we screened a series of six hemangioblastoma specimens from our Brain Tumor Bank for RTK activation by phospho-RTK profiling. In all six specimens examined, epidermal growth factor receptor (EGFR) was the most strongly and consistently phosphorylated RTK. EGFR protein expression was confirmed by immunohistochemistry and downstream signal activation was demonstrated by positive staining for phospho-AKT. We conclude that EGFR should be explored as a therapeutic target for the treatment of hemangioblastomas.
Materials and methods

Tumor samples
This study was conducted under a protocol approved by the institutional review board of New York University School of Medicine. Four cerebellar and two spinal cord hemangioblastoma specimens were studied. The age range for the three female and three male hemangioblastoma patients was 19-38 years. After surgical removal, the specimens were formalin-fixed and paraffin-embedded or frozen directly and stored at -80°C. In all cases, scant portions of adjacent cerebellar or spinal cord tissues were also present in the specimens.
Proteome profiler arrays
To investigate the activation/phosphorylation of RTKs, we used the Proteome Profiler arrays (R&D Systems, Wiesbaden, Germany), also called human phospho-RTK antibody array. The human phospho-RTK antibody array is a nitrocellulose membrane where forty-two different anti-RTK antibodies have been spotted in duplicate, including four positive controls and five negative controls.
To conduct a proteome profiler array experiment, the tumor specimens were thawed on ice and, using a disposable pestle, homogenized in NP-40 lysis buffer (150 mM NaCl, 1% Nonidet P-40, 1% deoxycholate, 0.1% SDS, 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0) supplemented with protease inhibitors (1 mM phenylmethylsulfonyl fluoride; PMSF, 0.2 mM sodium orthovanadate and 1 lg/ml aprotinin). Cell lysates were gently rocked for 30 min at 4°C and then centrifuged at 14,0009g for 5 min (4°C), and the supernatants removed and stored at -80°C until use. A total of 500 lg of protein, as determined by the BCA assay, was used for each array and developed using SuperSignal West Pico Chemiluminescent kit (Pierce, Inc.) according to the manufacturer's recommendations.
Immunohistochemistry
Immunohistochemistry was performed using mouse antihuman EGFR clone 31G7 (Invitrogen, Carlsbad, CA) and rabbit anti-human phosphorylated-AKT (p-AKT) clone 736E11 (Cell Signaling Technologies, Danvers, MA). Four-micron tissue sections were collected and deparaffinized in xylene (3 changes), rehydrated through graded alcohols and rinsed in distilled water. Heat-induced epitope retrieval was performed in 10 mM citrate buffer pH 6.0 for 20 min in a 1,200-Watt microwave oven at 90% power for p-AKT. Sections were allowed to cool for 30 min and then rinsed in distilled water. Antigen retrieval for EGFR was performed by incubating the slides with protease 3 (Ventana Medical Systems Tucson, AZ) for 6 min. Antibody incubations and detection were carried out at 37°C on a NEXes instrument (Ventana Medical Systems Tucson, AZ) using Ventana's reagent buffer and peroxidase detection kit. In brief, endogenous peroxidase activity was blocked with hydrogen peroxide. pAKT was diluted 1:20 and EGFR was diluted 1:50, both were incubated overnight at room temperature. Primary antibody was detected using a cocktail of biotinylated goat anti-mouse and goat antirabbit antibodies, followed by application of streptavidinperoxidase conjugate. The immune complex was visualized with 3,3 diaminobenzidene and enhanced with copper sulfate. Slides where washed in distilled water, counterstained with hematoxylin, dehydrated and mounted with permanent media. Appropriate positive and negative controls were included with the study sections.
Results
We analyzed six surgically removed human hemangioblastoma specimens from six patients. All tumors had a proliferation index of \1%, as assessed by MIB-1 staining (data not shown) and were analyzed by phospho-RTK profiling.
The phosphorylation/activation status of 42 RTKs was simultaneously tested using a membrane array of primary antibodies specific for each receptor. Homogenized tissue lysates were incubated overnight with the membrane and detected the following day with a pan-antiphosphotyrosine antibody. The results of RTK phosphorylation in the six hemangioblastoma specimens are summarized in Table 1 . Most strikingly,we observed consistent phosphorylation of EGFR in all samples analyzed (Fig. 1, upper panel) . In contrast, phosphorylation of additional receptors including FGFR2 and RON, TIE2, AXL, NGFR, and ROR was detected faintly and inconsistently. There was no detectable phosphorylation of the remaining RTKs tested by the phospho-array including ErbB2, ErbB3, FGFR1, FGFR3, FGFR4, insulin receptor, IGF-1 receptor, Dtk, Mer, MSP receptor, PDGFRa, PDGFRb, SCF receptor, Flt-3, M-CSF receptor, c-Ret, ROR2, Tie-1, TrkA, TrkB, VEGFR1, VEGFR2, VEGFR3
Based on the RTK array findings, we performed immunohistochemistry to confirm EGFR protein expression. All six hemangioblastoma specimens were highly vascular and showed the typical dense network of bloodfilled capillaries in association with stromal cells and cystic areas. In all cases, scant portions of adjacent cerebellar or spinal cord tissues were also present in the specimens. A distinct boundary between highly vascularized tumor and normal brain tissue could be observed. Immunoreactivity for EGFR was strongest in the microvasculature of the hemangioblastomas including tumor cells and, to a lesser extent, in the interstitium (Fig. 2a, b) . To investigate signal activation downstream of EGFR, we determined the phosphorylation status of AKT by immunohistochemistry. Three of five hemangioblastoma specimens available for testing stained positive for phospho-Akt (Fig. 3) indicating activation of the effector pathway.
Discussion
Our findings are consistent with two prior immunohistochemical studies that found EGFR overexpression in hemangioblastomas [15, 16] , although EGFR phosphorylation status and downstream signal activation were not assessed in these reports. EGFR overexpression in hemangioblastomas does not appear to be caused by EGFR gene amplifications [16] , which can be observed in other malignancies. However, overexpression of EGFR via HIF has been described in vitro by translational upregulation [17] , and more recently via deceleration of endocytosis by downregulation of Rab-5 mediated endosome fusion [8] .
Our results indicate that these or similar mechanisms resulting in EGFR overexpression and phosphorylation are active in hemangioblastomas.
Receptor tyrosine kinases (RTKs) are a subclass of cellsurface growth-factor receptors with an instrinsic, ligand-controlled tyrosine-kinase activity. They regulate diverse functions in normal cells such as cell proliferation, migration, metabolism, differentiation and survival, as well as those that regulate intercellular communication during development [18] . RTK activity in resting, normal cells is tightly controlled. However, when they are mutated or structurally altered, RTKs become potent onco-proteins. Abnormal activation of RTKs in transformed cells has been shown to be causally involved in the development and progression of many human cancers.
Up-regulation of RTKs has been shown to be a recurring theme in the development of human cancers. In particular, recent studies have focused on the overexpression of EGFR. Ligand-induced activation of EGFR, a receptor tyrosine kinase, can instigate a wide range of cellular responses such as growth, differentiation, migration, and survival through various signaling pathways [19] . The dependence of certain cancer cells on EGFR for growth and survival has directed much attention to this receptor as a central target for cancer therapy [5, 20, 21] . EGFR overexpressing human cancers include renal [22] , breast [12] , ovarian [12] , non-small-cell lung [11] , prostate [23] , and pancreatic [24] .
In the normal brain, EGFR is expressed at very low levels [25] . However, in brain tumors, EGFR has been shown to be overexpressed. A study of astrocytomas, anaplastic astrocytomas, and glioblastomas has shown positive EGFR immunoreactivity being detected in 85% of tumors. Additionally, the expression of EGFR increased with the grade of malignancy in low-grade astrocytomas (67%), anaplastic astrocytomas (87%), and glioblastomas (100%) [26] . Overexpression of EGFR and increased stimulation of EGFR through autocrine growth factor loops, in particular through TGF-a, have been identified as a common mechanism of RTK deregulation in brain tumors including glioblastomas [13] , medulloblastomas Table 1 . EGFR is highly expressed in human hemangioblastomas as shown by brown membranous staining in stromal cells characterized by centrally placed nuclei. Original magnification at 2009 Fig. 3 EGFR downstream signal activation. Immunohistochemistry for phospho-AKT shows strong brown nuclear and cytoplasmic staining confirming AKT pathway activation. Representative sample shown corresponds to patient #1 (Table 1 and Fig. 2a) . Original magnification at 2009 [27] , and astrocytomas [28] . TGF-a mRNAs and EGFR mRNAs have been shown to be consistently co-expressed in capillary hemangioblastomas, suggesting the overexpression and activation of EGFR [16] . Selected growth factor receptors, including EGFR, have also been shown to be expressed uniformly high in capillary hemangioblastomas by immunocytochemistry [15] .
In the present study, we assessed RTK phosphorylation and downstream signaling by phospho-RTK profiling and immunohistochemistry. We assayed snap-frozen, untreated hemangioblastomas from six diagnosed patients for evidence of RTK phosphorylation and found all of the specimens had EGFR phosphorylation. In contrast with normal brain specimens that had no detectable RTK activation [25] , each of the six hemangioblastoma samples examined by antibody array profiling showed EGFR phosphorylation and some samples with multiple phosphorylated RTKs. In addition to the most prominently phosphorylated EGFR, other receptors include ErbB4, FGFR2, RON, TIE2, AXL, NGFR, and ROR (Fig. 1) . We confirmed EGFR expression and downstream signal activation by immunohistochemistry for EGFR and phospho-AKT (Figs. 2, 3 and Table 1 ).
ErbB4, one of four members within the EGFR family of receptor tyrosine kinases, has been shown to be expressed at a higher level in low-grade gliomas than in high-grade gliomas. This suggests that ErbB4 may act as a suppressor of malignant transformation in these tumor types [29] . Additionally, ErbB4 expression has been shown to have an antagonistic effect on the clinical influence of other EGFR family members. A possible explanation for the apparently contradictory observations may be that ErbB4 expression seems to be differentially up-or down-regulated in different types of cancer due to co-expression of other EGFR family members [30] .
Besides EGFR and ErbB4, the phosphorylation/activation of FGFR2, RON, and the TIE2 receptor have all been reported in the progression of various solid tumor types. For example, in the neovascularization of glioblastomas, FGFR2 has been shown to be up-regulated in response to resistance of endothelial cells to apoptosis [31] ; RON (cmet) up-regulated in response to the hypoxic environment of the tumors [32] ; and TIE2 receptor up-regulated in response to initiation of blood vessel sprouting [33] .
All RTK arrays from our patient series showed strong EGFR phosphorylation with or without co-phosphorylation of other RTKs. These results suggest that hemangioblastoma tumor progression and development may require co-activation of more than one receptor tyrosine kinase. Previously, other RTKs such as FGFR2, VEGFR3, TIE2 and PDGFR have been shown to be activated in the development of other cancers and tumors [18] . Concomitant activation of multiple RTKs may provide a mechanism to reduce dependence on any single RTK for the maintenance of critical downstream signaling in a complex tumor environment, thereby rendering such tumors resistant to inhibition of a single RTK [35] . Consequently, targeting more than one signaling pathway may represent a promising therapeutic strategy. Based on VEGF and VEGF receptor expression [2] , clinical trials using the VEGFR targeting agents sunitinib and PTK877 are already underway for patients with hemangioblastomas. Intriguingly, close functional interactions between EGFR and VEGFR signaling in tumors have been described in preclinical studies, and combined EGFR/VEGFR targeting strategies are being investigated in clinical trials for solid tumors [34] . Therefore, we propose that EGFR-targeting agents should be evaluated in preclinical and/or clinical trials for hemangioblastomas while considering combinations with VEGFR inhibitors or other anti-angiogenic agents.
Conclusions
In the present study involving six human hemangioblastomas, we demonstrate EGFR to be the most consistently overexpressed and activated RTK. In addition, we identified multiple activated RTKs which have not been previously associated with hemangioblastomas, such as RON, AXL and ROR. In conclusion, our results suggest that overexpression and activation of EGFR, and possibly other RTKs, may play a role in the growth of hemangioblastomas by providing autocrine or juxtacrine growth stimuli for the stromal cells. We propose that molecular targeted therapy directed against EGFR and other RTKs expressed in hemangioblastomas may be of therapeutic value and should be explored in further preclinical and clinical studies.
